A multi-functional silica-silica bimodal pore catalyst support was prepared from silica sol and silica gel, which presented two kinds of main pores. Compared to the original silica gel, the obtained bimodal support had the enlarged surface area and decreased pore volume. This kind of bimodal pore support was applied firstly in higher alcohols synthesis, where both the copper and iron elements were supported as active sites. The bimodal pore catalyst exhibited favorite catalytic activity and high selectivity of C 2 + OH, due to the well dispersion of active metal sites and high diffusion efficiency of products inside the bimodal pore structures. Crown
Introduction
Higher alcohols synthesis (HAS) from hydrogenation of carbon monoxide has drawn much attention due to its potential application as a promising route for the production of clean fuels and petrochemical feed stocks from coal, natural gas and biomass [1, 2] . In recent years several catalytic systems for HAS, including MoS 2 -based catalysts, modified methanol synthesis catalysts and modified Fischer-Tropsch (F-T) catalysts have been developed [3] [4] [5] . Among those catalytic systems, the Cu-based catalyst containing metal active F-T element (Fe, Co or Ni) is considered as one of the most promising catalysts due to the strong ability to promote carbon chain growth for the F-T element [6, 7] .
Especially, the use of iron-copper catalyst is attractive for higher alcohols synthesis with low H 2 /CO ratio syngas derived from coal or biomass due to its higher water-gas shift activity and lower cost [8, 9] . Sibilia et al. [10] found that the addition of iron into copper-based methanol synthesis catalysts promoted the carbon chain growth for higher alcohols synthesis. Xu et al. [11] suggested that the introduction of Fe into the CuMnZrO 2 catalyst strengthened the interaction between copper and iron, facilitating the formation of higher alcohols and hydrocarbons. Unfortunately, there is still the formation of many byproducts such as carbon dioxide and hydrocarbons during HAS [12] . Thus, how to improve the activity and selectivity of Cu-Fe based catalysts for HAS becomes the key of research.
The bimodal support where both large pore and small pore coexist has excellent advantages for improving the catalytic activity and selectivity of the target product because the large pores provide rapid transportations of reactant and product molecules, while the small pores simultaneously provide a large supported metal area [13, 14] . Inui et al. [15] developed a kind of bimodal Ni/SiO 2 catalyst, which presented the high activity for methanation of CO 2 . Tsubaki et al. [16, 17] prepared some bimodal supports such as SiO 2 -SiO 2 , Al 2 O 3 -SiO 2 and ZrO 2 -SiO 2 and so on, which presented excellent performances in promoting the activity and selectivity for Fischer-Tropsch synthesis. The spatial and chemical characteristics of bimodal support provide us a new way to solve the obstacle in HAS. However, an application of this kind of bimodal support to higher alcohols synthesis is rarely reported. Thus, in the present work the preparation of Cu-Fe supported bimodal catalyst and its application for higher alcohols synthesis were investigated.
Experimental

Catalyst preparation
The bimodal support was prepared by incipient-wetness impregnation of commercially available silica gel with silica sol. Under the conditions of ultrasonic and 80°C, the silica sol was impregnated into original silica gel by incipient-witness method. After the impregnation the support was dried in air at 120°C for 12 h, and then calcined in air at 600°C for 2 h. The silica sol loading of the obtained bimodal pore support was 20 wt%.
The Cu-Fe supported catalyst was prepared by incipient-wetness impregnation of different supports such as SG10, SG0110 and bimodal support, with a solution containing Fe(NO 3 ) 3 , Cu(NO 3 ) 2 and KNO 3 in the required mass ratio (Fe:Cu:K: support= 0.3:0.2:0.05:1). The catalyst precursors were dried in air at 120°C for 12 h, and then calcined in air at 450°C for 3 h.
Catalyst characterizations
BET surface area, pore volume and average pore diameter of the catalysts were measured by N 2 physisorption at − 196°C using a Micromeritics ASAP 2010 instruments. Temperature program reduction of hydrogen (H 2 -TPR) was carried out in a U-tube quartz reactor with a hydrogen-argon mixture (containing 5 vol% of hydrogen) as the reductive gas.
Powder X-ray diffraction patterns (XRD) of the catalyst samples were measured on a D/max-RA X-ray diffractometer (Rigaku, Japan) with Cu Kα radiation (λ = 0.154 nm) operated at 40 kV and 100 mA.
Catalyst pretreatment and testing
The HAS was conducted in a fixed-bed, stainless flow microreactor. All catalysts were reduced in hydrogen atmosphere at 300°C and atmospheric pressure. After on-line activation described above and cooling to 180°C, syngas was introduced into reactor, followed by a rise of reaction temperature with a rate of 2°C/min. All synthesis reaction was employed at 5.0 MPa, 320°C and 6000 h −1 with the H 2 /CO of 2.0.
Both gaseous and liquid products were analyzed off-line by gas chromatographs. H 2 , CO, CH 4 and CO 2 were determined by thermal conductivity detector (TCD) with a TDX-101 column. The alcohols and hydrocarbons were analyzed by flame ionization detector (FID) with a Porapack-Q column.
Results and discussion
Textural properties of bimodal support
The pore size distribution of silica gel SG10, silica sol SG0110 and bimodal pore supports is shown in Fig. 1 . It is clear that the pore size of silica sol SG0110 and silica gel SG10 is 3 and 61 nm, respectively. After impregnation of the silica sol into silica gel, the obtained silica bimodal support contains 16 and 60 nm pores meantime, unlike uniformly distributed silica gel SG10 and silica sol SG0110. In the calcination step, the 16 nm pores are formed probably by the silica sol through dehydration of the surface OH groups of silica sol particles in the large pores of the silica gel [18] . The large pore size of the bimodal support decreases slightly. In addition, the BET surface area of the bimodal support increases from 95 m 2 g −1 (from silica gel SG10) to 107 m 2 g −1 due to the contribution from the newly formed small pores, as summarized in Table 1 . As the silica porous structure is formed inside the large pores of silica gel SG10, the pore volume of obtained bimodal support decreases from 1.32 ml g −1 of SG10 to 0.64 ml g −1 . The increased BET surface area and decreased pore volume suggest that the particles of silica sol enter the large pores and deposit on the inner walls of SG10 to form the small pore structures. In addition, from Table 1 it can be seen that in the Cu-Fe supported bimodal catalyst exist two pore structures, indicating that both the copper and iron elements do not block the entrance of pore structures. The decrease of pore sizes for the bimodal derived catalyst suggests that the metal elements have entered into the large pores of the bimodal support. For the SG0110 derived catalyst, the BET surface area decreases markedly from 737 m , which may be attributed to the covering of large amounts of metal oxide particles on the surface of silica sol, resulting in the decrease of surface area.
Reduction behavior of bimodal catalyst
The H 2 -TPR profiles of the Cu-Fe based catalysts prepared from the bimodal support, SG10 and SG0110 are shown in Fig. 2 . One main peak with one shoulder peak appeared at 200-380°C for all of the catalysts, corresponding to the reduction of CuO→ Cu and Fe 2 O 3 → Fe 3 O 4 , respectively [5] . In addition, a tail peak appeared at 400-550°C in the H 2 -TPR profiles, which could be attributed to the reduction of Fe 3 O 4 [19] . The amount of H 2 consumed during different reduction stages, obtained from integrating the area of the corresponding reduction peak, is summarized in Table 2 for the bimodal derived catalyst and 0.70 mol H 2 /mol M for the SG0110 derived catalyst) are close to the theoretical value for the reduction of metal oxides to Cu and Fe 3 O 4 (0.72 mol H 2 /mol M). The small amount of H2 consumed for reduction peak at higher temperature (400-550°C) corresponds to the reduction of Fe 3 O 4 . Additionally, from Fig. 2 it can be found that the reduction temperature of metal oxides in the SG0110 derived catalyst is the lowest compared to the bimodal and SG10 derived catalysts. Due to the covering of large amounts of copper and iron elements on the surface of silica sol SG0110, while the entering of metal oxide particles inside the large pores of SG10 and bimodal support as shown in Table 1 , the reduction of CuO and Fe 2 O 3 outside the pore structures is easier than that inside the large pores, resulting in the decrease of reduction temperature for the SG0110 derived catalyst. On the other hand, the reduction temperature of the Cu-Fe supported bimodal catalyst shifts slightly towards higher temperature compared to the SG10 derived catalyst. It is possible that both the Cu and Fe elements are better dispersed inside the bimodal support compared to that inside the original silica gel due to larger surface area of the bimodal derived catalyst, enhancing the interaction of metal-support and restraining the reduction of metal oxides in the Cu-Fe bimodal catalyst.
Phase compositions of the catalysts
The XRD patterns of the fresh and used catalysts are showed in Fig. 3 . From Fig. 3a No.33-0664), respectively. Compared to the bimodal and SG10 derived catalysts, the intensity of diffraction peaks in the SG0110 derived catalyst is the lowest, which may be attributed to the well dispersion of CuO and Fe 2 O 3 on the surface of silica sol, decreasing the crystallite size of metal oxides [20] . In addition, the peak intensity of Cu-Fe supported bimodal catalyst is lower slightly than that of the Cu-Fe-SG10 catalyst. Combined to the results of BET and H 2 -TPR, it is considered that both the copper and iron elements are better dispersed inside the bimodal support compared to that inside the original silica gel.
From Fig. 3b it can be found that the diffraction peaks of metal oxides disappeared and new diffraction peaks corresponding to metallic copper were observed in all of the used catalysts. The peak intensity of metallic Cu in the SG0110 derived catalyst is the lowest, which may be attributed to the well dispersion of metal elements on the surface of SG0110 support. In addition, the peak intensity of metallic copper of the bimodal derived catalyst is slightly higher than that of the SG10 derived catalyst, indicating that the amounts of active metals of bimodal catalyst are probable more than that of the SG10 catalyst.
It is also found from Fig. 3b that no diffraction peaks of reduced iron species and/or iron carbides are observed in the used catalysts. Reaction conditions: T = 320°C, P = 5.0 MPa, GHSV = 6000 h It is known that the intensity of Fe 2 O 3 diffraction peaks in the fresh catalysts is weak, indicating that the iron species are well dispersed by the support. From the H 2 -TPR results it can be found that the magnetite reduced is difficult to further reduce and carbonize under the present reaction conditions, which may be attributed to the enhancement of interaction of iron-support. Therefore, it is possible that the well dispersion of iron species and the difficulty for further reduction and carburization of iron oxides during reaction, restraining the detection of reduced iron species and/or iron carbides in the used catalysts by XRD.
HAS performances
Higher alcohols synthesis performances of the Cu-Fe catalysts prepared from the bimodal support, SG10 and SG0110 are listed in Table 3 . The catalyst prepared from SG0110 support has the largest surface area but the smallest pore diameter. It exhibits the highest catalytic activity and the lowest alcohols selectivity. From the detailed product distribution of alcohols as shown in Fig. 4 it can be found that the Cu-Fe-SG0110 catalyst presents the highest methanol selectivity. For the catalyst prepared from SG10 support which has the lowest surface area, CO conversion is the lowest. The catalytic activity of the catalyst prepared from bimodal support is higher than that of the SG10 catalyst, and the alcohols selectivity is the highest. From the results of product distribution (Fig. 4) it can be seen that the methanol selectivity is the lowest for the bimodal derived catalyst. In addition, the C 2 + OH selectivity of the SG10 derived catalyst is as high as that of the bimodal derived catalyst.
The activities and selectivities of the HAS catalysts are markedly depending on their pore structure. Fujimoto et al. [21, 22] reported that the propagation of carbon-carbon chain occurred more easily on the catalyst with a lower surface area and larger metallic particle size. According to the results of BET and XRD in the present study, the SG0110 derived catalyst has the largest surface area and the highest metal dispersion. Simultaneously, it presents the highest catalytic activity, suggesting that the SG0110 derived catalyst provides the most active sites for hydrogenation of carbon monoxide. Additionally, its small pore size and slow diffusion efficiency restrict carbon chain growth of methanol, resulting in the highest methanol selectivity. When the pore size is larger, the carbon growth of methanol is easier and propagation of the primary product is more effective. Also lower BET surface area of large-pore support determines a larger metallic size and smaller active metal dispersion. Based on these reasons, the C 2 + OH selectivity of the catalyst prepared from bimodal support is the highest. Due to the larger pore existing in the catalyst prepared from SG10 support, the selectivity of higher alcohols is also high. On the other hand, HAS rates on Cu-Fe catalyst can be improved by increasing the dispersion of active metals. Compared to the SG10 derived catalyst, the bimodal derived catalyst has higher metal dispersion due to its larger BET surface area, and accelerated diffusion rate derived from the bimodal structures presents a higher CO conversion.
Conclusions
The multi-functional silica-silica bimodal pore support was firstly applied in higher alcohols synthesis reaction. The Cu-Fe based catalyst prepared by this kind of support exhibited excellent HAS performances due to the spatial and chemical effects of silica-silica bimodal support. Because of larger and smaller pores coexisting in the bimodal derived catalyst, where larger pores of bimodal catalyst provided pathways for carbon chain growth of methanol and high diffusion efficiency of products, the methanol selectivity was the lowest. On the other hand, compared to the catalyst prepared from the original SG10 support, the bimodal catalyst presented higher surface area and provided higher active metal dispersion, promoting the catalytic activity for HAS. 
